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FATIGUE -CRACK INITIATION AND GROWTH IN NOTCHED 2024-T3 SPECIMENS 
MONITORED BY A VIDEO TAPE SYSTEM 

J. A. Sova,* J. H. Crews, Jr., and R. J. Exton 
Langley Research Center 

SUMMARY 

Fatigue-crack initiation and early stages of growth in notched 2024-T3 aluminum 
alloy sheet specimens were monitored during constant-amplitude fatigue tests conducted 
for a range of stress ratios. A video tape system was developed to detect fatigue cracks 
0.1 mm in length on the sheet surface and to monitor their growth up to a length of 
1 notch radius (2,5 mm). 

Fatigue cracks initiated either at the notch corner or on the notch surface. Most of 
the first fatigue cracks started as notch- corner cracks, and the crack-initiation period was 
defined as the number of cycles for which the crack was 0.1 mm in length on the sheet sur- 
face. For each of the stress ratios used, the results showed that at the low stress levels, 
the crack- initiation period constituted at least 90 percent of the fatigue lives. However, 
for the negative stress ratios at the high stress levels, cracks started as early as at about 
40 percent of the fatigue lives. 

For early stages of the growth of corner cracks, a linear relationship existed 
between the logarithm of crack length and the number of cycles. For cases of elastic 
cyclic stresses at the notch, experimental stress intensity factors were derived from 
the measured corner-crack growth rates. The factors agreed well with those calculated 
by several approximate analytical methods from the literature on corner-crack stress 
intensity factors. 


INTRODUCTION 

Aircraft structures contain stress concentration sites such as fastener and access 
holes. The fatigue life of these structures can be divided into three periods: the period 
of crack initiation at the stress concentration, the period of early crack growth near the 
stress concentration, and the period of crack growth away from the stress concentration. 
The crack growth away from the stress concentration has been studied extensively. Very 
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few data, however, exist for the crack-initiation and early growth periods even though 
these periods can account for a large percentage of fatigue life (refs. 1 and 2). The need 
for more information on early crack growth has recently increased because the United 
States Air Force adopted airplane damage tolerance requirements that emphasize small 
cracks at holes (ref. 3). 

The objectives of this paper are to present results of a study of the initiation and 
early growth of cracks at a hole and to describe a video tape monitoring system developed 
for this study. The case investigated was that of a 2024 -T3 aluminum alloy sheet speci- 
men containing a circular hole (also referred to as a notch in this paper). 

The specimens were subjected to constant-amplitude loading at four stress ratios 
(R = 0.5, 0, -0.5, and -1). The applied stress levels were selected to obtain fatigue lives 
from about 5 x 10^ cycles to about 10*^ cycles. The crack-initiation period was defined as 
the number of cycles for which the first fatigue crack was 0.1 mm long. Crack growth 
was monitored for crack lengths up to 1 hole radius (2.5 mm). When cyclic stresses at 
the notch were elastic, ejqjerimental stress intensity factors were derived from measured 
corner-crack growth rates. The factors compared favorably with those calculated by sev- 
eral approximate methods from the literature on corner-crack stress intensity factors. 

SYMBOLS 

Although values are given in SI Units in this report, some of the experimental pro- 
cedures were carried out using U.S. Customary Units. 

A constant in equation relating crack length and cycles, m 

a depth of comer crack, m 

B coefficient in equation (2) relating logarithm of crack length to cycles, 1/cycle 

Cj constant in equation for fatigue -crack growth 

c crack length on the specimen surface measured from edge of hole, m 

Ce effective crack length, m 

D hole diameter, m 

f j stress intensity correction factor to account for effect of hole on 

semielliptical crack 
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K 


K, 


max 


Ml 

Me 

N 

N„ 




f 


Ni 


N, 


P 

Q 

R 

S 


g 


’max 


®min 


stress intensity correction factor to account for the effect of hole on through 
crack 

finite width correction factor for stress intensity 
stress intensity factor, MN/m3/2 

stress intensity factor corresponding to Smax? MN/m3/2 
front surface correction factor for stress intensity 
specimen boundary correction factor for stress intensity 
number of cycles 

number of cycles corresponding to crack length c 

fatigue life, cycles 

crack-initiation period, cycles 

number of cycles after crack-initiation period 

exponent in equation for fatigue -crack growth 

exponent in. equation for specimen-boundary correction factor 

crack shape factor 

stress ratio, S^in/Smax 

nominal gross-section stress, Pa 

maximum nominal net-section stress, Pa 

minimum nominal net-section stress. Pa 


specimen thickness, m 
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w specimen width, m 

back surface correction factor for stress intensity 
front surface correction factor for stress intensity 
/3 angle in the plane of semielliptical crack, deg 

X dimensionless crack length factor 

$ elliptical integral for elliptical cracks 

APPARATUS AND EXPERIMENTAL PROCEDURE 

Figure 1 shows the configuration of the notched specimen. When loaded uniaxially, 
the specimen has an elastic stress concentration factor of 2.81 (ref. 4). The specimens 
were made from 2.28-mm-thick sheets of 2024-T3 aluminum alloy. To reduce the residual 
stresses caused by machining, the holes were predrilled and then enlarged by increments 
of 0.5, 0.2, and 0.1 mm to arrive at the 5.0-mm diameter. Only new, high-speed drills 
were used. Drill speed and feed were about 700 rpm and 0.05 mm per revolution, respec- 
tively. The specimens were drilled in stacks of 3, and the drills were replaced after 
drilling through 10 stacks. The specimen surfaces near the hole were gently polished to 
deburr the hole and to facilitate the detection of cracks. 

The fatigue tests were conducted in a hydraulically actuated, closed-loop, servocon- 
trolled testing machine similar to the one described in reference 5. Constant-amplitude 
axial loadings were applied at four stress ratios (R = 0.5, 0, -0.5, and -1). Applied 
stresses were selected to obtain fatigue lives ranging from about 5 x 10^ to 10*^ cycles. 
Cyclic frequencies in the mnge of 5 to 20 Hz were used. Generally, three specimens were 
tested for each test condition. Antibuckling guide plates were used on specimens loaded 
in compression. The fatigue critical points are on the transverse axis of the specimen at 
the edges of the hole. Therefore, during the fatigue tests, four areas (two at each side of 
the specimen) were simultaneously monitored for cracks. 

A video tape system was developed to view the crack-initiation sites. A diagram of 
the system is sketched in figure 2. An overall view of the system installed at the testing 
machine is shown in figure 3, and a closeup view of the four television cameras viewing 
the specimen is shown in figure 4. The images of the four crack-initiation sites were 
magnified and fed to a special effects (quad-split) generator which combined the four out- 
puts into a single simultaneous four-quadrant picture. This composite picture was then 
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fed to a video counter which electronically superimposed the accumulated number of cycles 
onto the four-quadrant view. Finally the picture was recorded on video tape for later 
analysis and was also fed to a monitor for real-time viewii^. The magnification of the 
system was x60. During testing, the specimen was illuminated by strobe lamps which 
were synchronized to the fatigue machine. The strobe lamps were triggered at the point 
of maximum load of each cycle when cracks were open and most visible. A view of cracks 
as they appeared on the monitor is shown in figure 5. The video tape system is described 
in more detail in appendix A. 

CRACK-INITIATION AND GROWTH RESULTS 
Crack Initiation 

After each fatigue test, a scanning electron microscope was used to locate the crack- 
initiation sites on the fracture surface. The cracks initiated in the two ways shown in fig- 
ure 6 and are referred to in this study as notch-comer cracks and notch-surface cracks. 

In about 75 percent of the tests, the first cracks started at a notch corner, and their initia- 
tion and growth were readily observed on the sheet surfaces by the television cameras. 

In the remaining tests, the first cracks started on the notch surface and their initial growth 
was not observed. Notch-surface cracks were observed only after they had penetrated to 
the sheet surface and, as a result, are not included in the following discussion of crack 
initiation. 

The crack- initiation period was defined as the number of cycles for which the first 
notch-comer crack was 0.1 mm long on the sheet surface. The results are presented in 
table I and figure 7. Figure 7 presents fatigue lives (complete failure of specimens) and 
crack-initiation periods for the four stress ratios investigated. The symbols represent 
the average numbers of cycles obtained for each test condition. In general, the initiation 
curves have the same shape as the failure curves. The trends in these data are shown 
more conveniently in figure 8 where crack-initiation periods are plotted as percentages of 
fatigue lives. For the range of fatigue lives investigated, the length of the crack-initiation 
period depends on both the stress ratio R and the applied maximum stress Smax. For 
R = 0.5 and 0, the crack-initiation periods constituted more than about 70 percent of the 
fatigue lives. For R = -0.5 and -1, some fatigue cracks started as early as at about 
40 percent of the fatigue lives. However, for all the R-ratios tested, the results obtained 
for low applied stresses (corresponding to lives longer than 10® cycles) showed that the 
crack-initiation periods covered at least 90 percent of the fatigue lives. The shapes of 
the crack-initiation curves (fig. 8) are discussed at greater length in the following section. 

An overall analysis of the notch-comer-crack results in table I indicates that the 
scatter in fatigue lives obtained for a particular stress level was mainly the result of 
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scatter in crack initiation. Also, a comparison of results for specimens with notch-comer 
cracks and for those with notch-surface cracks shows no obvious influence of the crack 
type on the fatigue life. The notch-surface cracks were more likely to occur for stress 
ratios R = 0.5 and 0, particularly at high applied stresses. 

Crack Growth 

A typical plot of crack growth is shown in figure 9 for R= -0.5 and MPa. 

Note that crack length c (on the sheet surface) is presented on a logarithmic scale and 
the number of cycles is on a linear scale. The four crack growth curves start from points 
labeled A, B, C, and D. These points correspond to the four corners of the notch. The 
first observed crack initiated as a notch-comer crack at point A. During the initial stage 
of growth, a linear relationship existed between the logarithm of the crack length and the 
number of cycles. The extent of the linear relationship and its slope are presented in 
table I. The crack grew through the thickness approximately in the manner shown in fig- 
ure 9. At the time of penetration to B, the crack length AE on the sheet surface was less 
than the specimen thickness. The crack grew very rapidly from B until BG = AF. The 
second crack CD initiated on the notch surface late in the fatigue life and grew rapidly 
after it reached the sheet surfaces. Second cracks typically initiated in this way and are 
excluded from subsequent discussion. 

The first crack initiated on the notch surface in about 25 percent of the fatigue tests. 

A comparison of typical results for notch-surface and notch-corner cracks is presented 
in figure 10 for two replicate tests at R = 0 and S mav = 200 MPa. For the test results 
presented at the right of the figure, the first crack initiated at the notch comer and in this 
semilog plot grew linearly from point A. In the other test, the first crack initiated on the 
notch surface and could not be observed by the cameras until it had penetrated to the sheet 
surface at point A. The subsequent crack growth on the sheet surface was rapid and non- 
linear; however, the crack assumed the rate of the notch-comer crack when the crack con- 
figuration matched that of a corner crack. (See point P, fig. 10.) Although in the tests 
presented in figure 10 the notch-surface crack initiated earlier than the notch-corner 
crack, no systematic trend of this t5q)e was found in this investigation. 

Table I gives the crack lengths on one specimen surface at the time the crack pene- 
trated the sheet to the other surface. The lengths of these notch-comer cracks vary from 
40 percent to 83 percent of the specimen thickness, depending on applied stress. The crack 
lengths of notch-surface cracks at the time of penetration are shorter than those of notch- 
comer cracks; the lengths of the cracks also depend on where the crack started. For 
example, a crack that initiated in midthickness would appear simultaneously on both sheet 
surfaces. In several tests, the fractographic examination indicated that a notch-surface 
crack probably initiated while a crack growth was being recorded on the sheet surface. 
Results for such cases are labeled in table I. 
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Table I also gives the cycles corresponding to various first-crack lengths up to 
1 hole radius (2.5 mm). These cycles are plotted in figure 11 as percentages of fatigue 
lives for the various comer-crack lengths. (Curves for c = 0.1 mm in fig. 11 also 
appeared earlier in fig. 8.) The results show that in most cases, more than 90 percent 
of fatigue life is required to produce a crack 1 hole radius long (2.5 mm). 

Most of the curves in figure 11 show a minimum percent of fatigue life required to 
grow a crack to a particular size. Several studies have shown that the trend is toward 
large percentages at low stresses. (See, for example, refs. 1 and 2.) However, above 
the minimum, the trend for larger percentages at high stresses was not ejq)ected. This 
trend can be explained by the consideration of an extreme case in which the maximum 
stress is large enough to fail the cracked specimen when the crack grows to a length of 
only 0.1 mm. This maximum stress would be near the ultimate strength of the material, 
and 100 percent of the fatigue life would be required to grow the crack to 0.1 mm. There- 
fore, the curves for c = 0.1 mm in figure 11 should approach an upper extreme point 
defined by Ng/Nf = 100 percent and Sj^ax nearly equal to the ultimate strength of the 
material (about 500 MPa). Similarly, other curves in figure 11 should each approach an 
upper extreme at N^/Nf = 100 percent and Smax equal to the failure strength for each 
particular crack size. Although these extremes were not established, the trends in fig- 
ure 11 agree with this interpretation of the results. 

ANALYSIS OF CORNER-CRACK GROWTH MEASUREMENTS 

The observed linear relationship between log c and cycles was analyzed in terms 
of stress intensity factors for a small comer crack at a circular hole. E3q)erimental 
stress intensity factors were derived from measured crack growth rates and were then 
compared with approximate stress intensity factors from the literature. 

Several investigators have used measured crack growth rates to calculate stress 
intensity factors. (See, for example, ref. 6.) Such calculations were based on an equation 
relating crack growth rate to stress intensity factor for a constant R-ratio (ref. 7). The 
equation, in the notation of this paper, is 

§ = C,(K„ax)'' (1) 

In equation (1), K^ax used instead of the usual range of stress intensity AK because, 
as explained later, only cases with negative R are analyzed; the compressive portion of 
the loading cycle is neglected here in calculating stress intensity factors as it was in ref- 
erence 8. The constants Cj and n are established by crack growth tests involving 
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known stress intensity factors. Then, measured dc/dN values for a complex case can 
be substituted into equation (1) to find the corresponding Kmax values. 

In the present study, the measured linear portions of the crack growth curves could 
be represented by 

log c = A + BNp (2) 

where Np is the number of loading cycles after crack initiation. Because crack initia- 
tion was defined by c = 0.1 mm, A was equal to log (0.1). The slope B was deter- 
mined from the linear portion of the crack growth curve (plotted as c on a logarithmic 
scale against N on a linear scale). Differentiation of equation (2) leads to 

^=2.3Bc (3) 


Substitution of equation (3) into equation (1) results in an equation for stress intensity: 


^max ~ 



(4) 


In this study, equation (4) could be applied to only two test cases: =100 MPa 

with R = -1 and S max = 125 MPa with R = -0.5. For all other cases, yielding either 
altered the local stress ratio R or it caused cyclic plasticity near the hole. (See, for 
example, ref. 9.) Neither of these effects was accounted for by the present procedure. 

For the case where S mav = 100 MPa with R = -1, the constants n and were 
obtained from R = -1 crack growth data for center-cracked sheets in reference 8 and 
were, respectively, 3.39 x 10"^^ and 3.79 x 10"^^ ^with dc/dN expressed in m/cycle 
and Kmax 1*^ MN/m^/^). These two constants and the extreme values of B for this 
test case (see table I) were substituted into equation (4) to obtain the corresponding "scat- 
ter band" for the experimental Kj^^ax* These results are shown as the shaded region in 
figure 12(a). For purposes of comparison, figure 12(a) also shows several approximate 
stress intensity solutions for comer cracks from the literature. (See appendix B.) Most 
of the solutions agree closely with the ejq>erimental Kj^ax study for the range 

0.02 = c/D = 0.2. This range corresponds to 0.1 mm S c = 1.0 mm. However, the 
trends in figure 12(a) show that the approximate solutions would not agree closely with 
an extrapolation of the experimental results. Consequently, caution should be exercised 
in extrapolating the linear-growth curves observed in this study. 
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Although the crack growth data for the R = -0.5 case were not available in the 
literature, data were available (ref. 8) for R = 0 and R = -1 which bracket this case. 
Approximate values of n and Ci for R = -0.5 were obtained from the R = 0 and 
R = -1 data by averaging the stress intensity factors for given crack growth rates. (Since 
the R = 0 and R = -1 curves in ref. 8 differed by only about 20 percent, this procedure 
introduced errors that were no larger than about ±10 percent.) The experimental K may 
values for the case where S mav = 125 MPa with R = -0.5 are represented in figure 12(b) 
by the shaded zone. The experimental K^ax approximate solutions agreed rea- 

sonably well for the range 0.02 ^ c/D ^ 0.2. 

CONCLUDING REMARKS 

A video tape system was developed to monitor the growth of small fatigue cracks. 

The system was used to record the growth of small cracks in center-hole (theoretical 
elastic stress concentration factor of 2.81) 2024-T3 aluminum alloy specimens for constant- 
amplitude loadings at four stress ratios (0.5, 0, -0.5, and -1). From this investigation the 
following were concluded: 

1. The video tape system detected fatigue cracks 0.1 mm in length and monitored 
their growth up to 1 notch radius (2.5 mm). 

2. Fatigue cracks initiated either at the corner formed by specimen and hole surfaces 
(notch-corner cracks) or on the hole surface (notch- surface cracks). In about 75 percent 
of the fatigue tests, first cracks started as notch-corner cracks. The type of crack to 
initiate first had no obvious influence on the fatigue lives. 

3. The number of cycles for which a notch-corner crack was 0.1 mm long was 
defined at the crack-initiation period. For the range of fatigue lives investigated, the per- 
centage of fatigue life spent in crack initiation depended on both the stress ratio and the 
applied maximum stress. For stress ratios of 0.5 and 0, the crack-initiation periods 
accounted for more than about 70 percent of the fatigue lives. For high applied stresses 
with stress ratios of -0.5 and -1, fatigue cracks started as early as at about 40 percent of 
the fatigue lives. However, for any stress ratio and low applied stresses (corresponding 
to lives longer than 10® cycles) cracks started after at least 90 percent of the fatigue lives. 

4. The crack growth results showed that for most tests, more than 90 percent of 
fatigue life was required to produce a crack 1 hole radius long (2.5 mm). 

5. For the growth of veiy small notch-corner cracks, a linear relationship existed 
between the logarithm of crack length and the number of cycles. 

6. Experimental stress intensity factors were derived from measured comer-crack 
growth rates for two stress levels at which the local stresses at the hole were elastic 
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(stress ratio of -1, maximum stress of 100 MPa and stress ratio of -0.5, and maximum 
stress of 125 MPa). For ratios of crack length to hole diameter between 0.02 and 0.2, 
the experimental factors agreed reasonably well with those calculated by several approxi- 
mate analytical methods from the literature. 

Langley Research Center 

National Aeronautics and Space Administration 
Hampton, Va. 23665 
May 27, 1976 



APPENDIX A 


VIDEO TAPE CRACK DETECTION SYSTEM 
General Description 

The video tape monitoring system employed four TV cameras to view the crack- 
initiation sites at the notch. A diagram of the system is shown in figure 2, and an overall 
view of the system installed at the fatigue machine is shown in figure 3. The specimen 
was illuminated by strobe lamps which were synchronized to the fatigue machine. The 
strobe lamps were triggered at the point of maximum stress of each cycle, when cracks 
were open and most visible. The lamps had a pulse duration of approximately 1 ]u.s 
which provided effective stop-action viewing of the specimen. The outputs from the four 
cameras were fed to a special effects (quad-split) generator which combined the four out- 
puts into a single simultaneous four-quadrant view. This composite view was then fed to 
a video counter which electronically superimposed the accumulated number of cycles onto 
the quadrant view. Finally, the composite video signal was fed to a video tape recorder 
to be stored for later analysis and to a monitor for real-time viewing. 

Vidicon Tubes 

The vidicon tubes in the TV cameras had to be specially constructed because the 
1-ps duration of the strobe lamps presented a special problem for the system. A stan- 
dard TV system has a field rate of 60 fields per second (16.7 ms per field), and a standard 
vidicon tube has a persistence time of about 15 ms. (Persistence time (lag time) is time 
required for video signal to fall to one-half of its original value.) A fatigue machine 
operating at 20 Hz would, therefore, generate one pulse of the strobe lamps every 50 ms. 
The result would be one bright field in which the flash occurs, followed by several fields 
in which there is no illumination. An image flicker would thereby be generated which was 
unsuitable for data analysis. The solution to this problem was to increase the persistence 
time of the vidicon tubes. The tubes selected had a 250 ms persistence time. The stop- 
action image produced by a given flash was retained for many field scans, thus eliminating 
flicker. However, this flicker-free operation was gained at the ejq)ense of time resolution, 
but the loss of time resolution was not significant for the present study which dealt only 
with slow crack growth rates. For example, the 250 ms persistence time corresponds 
to 5 cycles of the fatigue machine at 20 Hz and 1.25 cycles at 5 Hz. 

Magnification and Resolution 

Magnification was achieved through combined optical and electronic magnifications. 
The cameras had f/1.9 lenses with a focal length of 75-mm and 100-mm extenders which 
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resulted in an optical magnification of about xl.5. An electronic magnification of x40 was 
attained in going from the vidicon tube to the monitor screen. The overall magnification 
was, therefore, X60, 

Higher magnification could have been obtained optically, but the compromise here 
between resolution and field size was chosen so that small cracks could be detected and 
monitored until they reached a length of 1 hole radius (2.5 mm). To enhance crack 
detection, each camera was mounted on its side so that cracks would extend across the 
scan lines, rather than run parallel to them. Crack lengths of 0.1 mm were measured 
routinely while the smallest perceptible crack length was about 0.05 mm. 

Counter and Recorder 

The quad-split generator received four video inputs and displayed a portion of each 
in the composite quadrant view. Thin margins separated the four views. The size of an 
individual view was apportioned by translating the vertical and horizontal margins. The 
composite picture generated in the quad-split generator was sent to a video counter which 
superimposed a digital display. This display included four digits for test identification 
(test number) and seven digits for recording the accumulated number of loading cycles. 

The quadrant view and superimposed digital display were recorded by a 1-inch 
video tape recorder capable of si hours of continuous recording. At the end of this period, 
the tape was rewound, when necessary, and recording was continued; earlier data were 
thus erased from the tape. This procedure was repeated until specimen failure, after 
which replay of the tape allowed crack growth to be traced backward to the time of crack 
initiation. 


Illumination and Data Reading 

The illumination selected for this study resulted in the observation of "white" cracks 
against a black background. Two strobe lamps (one at each side of the specimen) were 
located out of the plane of the crack and cameras. Very little light was diffusely reflected 
toward the lens from the smooth surface although small surface scratches did cause some 
reflection. When the crack appeared, more light was scattered toward the camera. This 
added light produced a white crack against a black background. 

After each test, the tape was replayed to determine the number of loading cycles 
corresponding to crack initiation. A scale was attached to the monitor near the crack 
growth path, and the numbers of cycles were copied for several crack lengths as the video 
tape was replayed. A typical display is shown in figure 5. 
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APPROXIMATE STRESS INTENSITY FACTORS 

Although an exact solution for a corner crack at a circular hole has not been devel- 
oped, approximate solutions exist. Five such solutions are presented here for comparison 
with the experimental stress intensity factors found in the present study. 

1. In reference 10, Newman developed the following approximate solution for a single 
comer crack at a circular hole by superimposing a crack shape factor, boundary correc- 
tion factors, and the Bowie correction for the hole; 


K = 


Sg/.|Me^/se<=(|£)tb(c.D) 


The crack shape factor Q was e3q)ressed as 


Q = 1 + 1.47f| 


1.64 


The specimen -boundary correction factor Mg was given as 


(Bl) 


M 


e 


+ 



^w 


where the front surface correction factor was 

Ml = 1.2 - 0.l(|) 


and 

P = 2 ^ 8(|f 

The finite width correction factor fw was 
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The Bowie correction fj, (ref. 11) was approximated by 
= 0.707 - 0.18X + 6.55X^ - 10 . 54\3 + 6.85X^ 

where 



2. Shah developed a solution in reference 12 for two elliptical cracks symmetrically 
located at a circular hole. He then introduced surface correction factors and a single 
comer-crack correction to get 




2 

1/4 / 

cos2 j8 + sin^ /3 

i 


ID + 17 


(D + 


iLf 

ac h 




(B2) 


where # is the well-known elliptical integral applicable to elliptical cracks. The cnj 
and ajj are front and back surface correction factors, respectively. For the present 
study, af = 1.11, = 1, and ^ = 90°. The function fj^ is given in graphical form in 

reference 12. 

3. Hall and Finger (ref. 13) derived the following empirical expression from fracture 
data for specimens with corner cracks at holes 

K = 0.87Sg ^77Cg f]g(ce,D) (B3) 


The Cg represents an effective crack size which was presented as an empirical curve in 
reference 13. Note that the Bowie correction fj^ is evaluated for Cg. 

4. Liu (ref. 14) also developed an approximate solution in terms of an effective crack 
size, but he used it only in the Bowie correction factor 

g 

^ ^ “b“f ^b(ce.D) (B4) 

where 

Liu took Q!f = 1.12 and for the present study = 1. 
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APPENDIX B 


5. Smith (ref. 15) used the standard elliptical crack solution and applied the Bowie 
correction factor to develop an approximate comer-crack solution; 
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00 


TABLE I.- CRACK INITIATION AND GROWTH DATA FOR NOTCHED 2024-T3 ALUMINUM ALLOY SPECIMENS 



S 27 110 24 680 24 750 25 060 25 640 26 750 ---- ^ 

S 91 700 65 600 65 940 66 570 68 250 73 600 — — 0.40 

250 C 132 780 107 200 112 000 118 350 123 200 128 500 1.30 6.25 X lO’^ 1.70 

C 4 846 300 4 802 500 4 808 200 4 815 600 4 821 300 4 828 700 >2^5 5.33 Xl0“5 3^ 

225 --- >10 000 000 - ---- 

C 3 810 2 740 2 990 3 315 3 560 3 790 1.40 1.22 X 10“^ 1,10 

350 S 4 140 3 370 3 456 3 635 3 835 4 080 .20 

4 920 3 645 3 935 4 320 4 610 4 860 ^1.30 1.04 X lQ-3 ^l.QQ 

C 22 550 15 300 17 000 19 220 20 600 21 700 0.80 1.78 X IQ-^ 1.35 

250 S 22 620 18 550 18 700 19 050 19 730 21 150 .62 

S 34 420 24 600 26 050 27 950 30 700 32 900 

S 76 260 54 100 54 200 56 200 59 500 64 700 1.40 

200 C 110 840 91 400 95 100 100 100 103 800 107 200 1.00 8.06 x 10“5 1.25 

C 115 760 90 200 93 580 98 200 101 800 106 400 >2.50 8.63 x'lO"^ 1.70 

S 329 000 285 300 285 600 286 000 286 500 293 600 0^ 

150 C 5 270 900 5 193 400 5 200 800 5 210 500 5 218 000 5 227 800 >2.50 4.06 X 10“*5 1.60 

C 5 423 900 5 369 400 5 374 000 5 379 800 5 384 500 5 394 000 1.35 6.62 X 10“^ I.35 


^Notch- surface crack initiated while crack growth was being recorded on the sheet surface, 

^Specimen failed before crack reached that length. 

^Numbers are not typical of corner cracks because crack growth was altered by notch- surface crack (see footnote a). 
<^Data lost because equipment failed. 



TABLE I.- Concluded 


Stress 

ratio, 

R 

Stress, 

^max» 

MPa 

Type of first 
crack, 

C for corner 
and 

S for surface 

Fatigue life, 

Nf. 

cycles 


Cycles to crack length (c) of . . ., mm 


Extent of 
linear 

relationship, 

mm 

Coefficient 

in 

eq. (2), 
B, 

1/cycle 

Length of 
crack at 
penetration 
through sheet, 
c, mm 

0.1 

0.2 

0.5 

1.0 

2.5 



S 

4 610 

3 080 

3 180 

3 590 

3 915 

4 340 



1.40 


250 

ac 

5 760 

2 720 

3 945 

4 500 

4 910 

5 400 

^0.20 

2.46 X 10-4 

C.42 



ac 

6 280 

2 680 

3 800 

4 660 

5 080 

5 640 

C.27 

2.69 X 10-4 

C.20 



C 

24 600 

9 000 

12 550 

17 300 

19 800 

22 200 

0.58 

8.42 X 10-5 

1.45 


200 

C 

27 160 

14 000 

16 920 

20 750 

22 800 

25 300 

.50 

1.03 X 10-4 

1.60 

1 

p 


C 

33 260 

14 600 

18 500 

26 000 

29 200 

31 000 

.40 

7.72 X 10-5 

1.30 



S 

127 180 

98 800 

99 200 

99 800 

100 850 

106 300 



0.43 


150 

C 

169 160 

125 250 

130 200 

136 800 

141 800 

148 400 

>2.50 

6.04 X 10-5 

1.80 



C 

543 080 

480 000 

491 200 

506 000 

512 200 

519 400 

.50 

2.69 X 10-5 

1.70 



C 

1 557 700 

1 452 000 

1 469 400 

1 492 500 

1 510 000 

1 523 700 

1.00 

1.72 X 10-5 

1.88 


125 

C 

1 753 700 

1 652 700 

1 668 000 

1 688 300 

1 701 300 

1 712 500 

.80 

1.96 X 10-5 

1.70 



c 

2 327 540 

2 208 000 

2 228 600 

2 256 600 

2 277 800 

2 293 000 

1.10 

1.43 X 10-5 

1.80 



ac 

6 260 

2 000 

2 800 

3 860 

4 520 

5 260 

^0.66 

3.76 X 10-4 

^0.42 


200 

ac 

6 400 

3 000 

3 600 

4 400 

5 000 

5 800 

^>2.50 

5.00 X 10-4 

C.90 



ac 

6 680 

2 400 

3 320 

4 750 

5 270 

5 960 

C.22 

3.27 X 10-4 

C.86 



C 

40 320 

14 000 

17 850 

22 900 

26 820 

32 000 

>2.50 

7.80 X 10-5 

1.45 

-1.0 

150 

s 

58 280 

41 400 

41 820 

42 500 

43 200 

46 800 



43 


c 

70 990 

46 800 

50 850 

56 300 

60 400 

65 800 

>2.50 

7.35 X 10-5 

1.80 



c 

1 586 200 

1 426 000 

1 447 700 

1 476 600 

1 498 000 

1 519 000 

1.25 

1.39 X 10-5 

1.90 


100 

c 

1 681 000 

1 480 000 

1 512 500 

1 556 000 

1 588 700 

1 605 500 

1.00 

9.20 X 10-5 

1.60 



c 

2 481 290 

2 343 000 

2 371 400 

(d) 

(d) 

(d) 

(d) 

1.06 X 10-5 

(d) 


^Notch- surface crack initiated while crack growth was being recorded on the sheet surface. 

^Specimen failed before crack reached that length. 

^Numbers are not typical of corner cracks because crack growth was altered by notch- surface crack (see footnote a). 
^Data lost because equipment failed. 




Rolling direction 


200 radius 


Figure 1.- Fatigue specimen. 

thickness, 2.28 mm 


Material: 2024-T3 aluminum alloy; 
. All dimensions in mm. 
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A Testing machine 
B Control electronics 
C Cameras 


D Special effects generator and video counter 
E Video tape recorder 
F Television monitor 



Figure 3.- Overall view of video tape system installed at testing machine. 
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Figure 5.- View of fatigue cracks as they appeared on monitor. 
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Nj/Nf, percent 

Figure 8.- Percentages of fatigue life covered by notch-comer crack initiation. 
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N, cycles 

Figure 9.- Typical record of early crack growth on specimen surface. 

R = -0.5: S — ^ = 150 MPa. 







0.2 0.5 



30 40 50 60 70 80 90 100 
N(./Nf, percent 

(c) R = -0.5. 

Figure 11.- Percentages of fatigue li 



30 40 50 60 70 80 90 100 


N^/Nj, percent 

(d) R= -1. 

required to grow cracks to various lengths. 



Stress intensity factor, Kp^gx. ^N/m 


2: 



c/D c/D 


(a) = 100 MPa, R = -1. (b) = 125 MPa, R = -0.5. 

Figure 12.- Comparison of experimental and analytical stress intensity factors. 
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